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Abstract The relative effects of irradiance and soil
water on alley-cropped herbage are poorly understood.
Our objective was to determine effects of irrigation on
herbage productivity when tall fescue [Lolium arundi-
naceum (Schreb.) Darbysh.] was grown in two sites, a
meadow and a loblolly pine (Pinus taeda L.) alley (620
trees hafl), near Booneville, Arkansas. Three tall
fescue entries were space planted in the meadow and
pine alley with or without irrigation. Herbage mass and
nutritive value were determined at 8-week intervals for
2 years. Mean daily PAR was 33.9 (2004) and 37.5 mol
m~2 d~! (2005) in the meadow, while the pine alley
received 5.6 mol m—> d~' (17% of the meadow) in
2004 and 4.3 mol m~> d~' (11% of meadow) in 2005.
Effect of tall fescue entry tended to be small relative to
site and irrigation. Irrigation compensated for evapo-
transpiration in the meadow, but not in the pine alley
when summer rainfall was about normal (2004) or low
(2005). Nevertheless, site (PAR) had a greater effect on
herbage specific leaf weight, leaf elongation rate, tillers
plant_l, mass tiller_l, and total nonstructural carbohy-
drate concentration than soil water. Irrigation might
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have had greater impact on herbage productivity if more
water had been applied or if canopy cover had been less
extreme. Silvicultural practices should be imposed to
improve penetration of solar irradiance to the alley crop.
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Introduction

Alley cropping or growing a crop between rows of
trees is a practice that can improve total light energy
capture and productivity per unit land area. Alley
cropping is an economically attractive land use
because it offers income diversification through
short-term income from crops or livestock, and long-
term income from wood fiber. However, trees can alter
microclimate by moderating extremes in daily photo-
synthetically active radiation (PAR) and soil
temperatures (Feldhake 2001), and by reducing evapo-
transpiration (Belesky 2005a). Trees compete with
herbage for soil nutrients (Campbell et al. 1994), light,
and soil water (Burner and MacKown 2005). Loblolly
pine is not known to be allelopathic to tall fescue
(Schultz 1997). The extent to which trees benefit or
constrain understory crops probably involves a com-
plex function of species interactions in space and time
across macro- and micro-environments. The challenge
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for managers is to balance complementary and
constraining factors to maintain an economically and
biologically sustainable system to meet production
goals.

Relative effects of light and soil moisture con-
straints on production and nutritive value of perennial
herbage crops are not well defined. Cumulative
herbage yield in a loblolly pine alley was 40% of
that in a meadow even when solar irradiance was
only 12-37% of that in the meadow (Burner and
MacKown 2005). While tall fescue is tolerant to
growth at low irradiance (Burner 2003) and high
water deficit (Wilman et al. 1998), there are limits
beyond which production is biologically or econom-
ically impractical. Pasture production was predicted
to be zero when Pinus radiata D. Don reached about
70% canopy cover (Knowles et al. 1999). Tree
canopy cover should be kept in the 40-50% range
to maintain understory production at about two-thirds
of the control (Devkota et al. 2001; Belesky 2005a).

Understory herbage stressed by low irradiance or
water can exhibit alterations in anatomy, physiology
(Allard et al. 1991a,b), and increases (Thomas and James
1999) or decreases (Belesky 2005b) in nonstructural
carbohydrates and alkaloids (D.P. Belesky, unpublished
data). Shade-grown tall fescue has fewer tillers plant_l,
lower specific leaf mass (SLM) and CO, exchange rate,
and more leaf lamina air space than plants at high
irradiance (Allard et al. 1991a, b; Burner and MacKown
2006). Tall fescue responds to water stress by reducing
plant size and growth rate, decreasing evaporative surface
area, increasing root-shoot ratio, and reducing stomatal
conductance (Assuero et al. 2002).

The endophytic fungus Neotyphodium coenophi-
alum (Morgan-Jones & Gams.) Glenn, Bacon, &
Hanlin comb. nov forms a mutualistic, asymptomatic,
symbiotic association with tall fescue (Omacini et al.
2005) where it enhances survival and confers an
advantage to various biotic (Popay and Bonos 2005)
and abiotic stresses (Malinowski et al. 2005). The
fungus is maternally transmitted from the infected
plant to its seed; spread to uninfected plants does not
occur (Hume and Barker 2005). Endophyte-infection
compromises the nutritional value of tall fescue
herbage. A livestock malady known as fescue toxi-
cosis can be observed in herbivores that consume tall
fescue (Hopkins and Alison 2006).

Continuous, uniform shade rarely occurs in man-
aged agroforestry systems because herbage receives
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direct and indirect illumination of varying duration
and intensity during the day. Irradiance provided
through sunflecks or sunpatches accounts for 20-80%
of the daily CO, exchange by understory plants
(Pearcy 1990). However, anatomy and CO, exchange
rate (CER) of shade-grown tall fescue are relatively
slow to respond to transient increases in irradiance
(Allard et al. 1991b). Plants grown continuously
under a pine canopy usually receive brief periods of
irradiance required for saturation of CER, and might
be inherently less responsive to available sunlight,
and yield less, than plants receiving full sunlight
(Allard et al. 1991b). Further, the physiological
protection (lower transpiration and water use effi-
ciency) afforded by pine shade is more than negated
by reduced CER (Burner 2003).

We hypothesized that soil water places a greater
constraint than solar irradiance on alley-cropped tall
fescue herbage productivity in a loblolly pine planta-
tion. Our objective was to determine relative effects of
irrigation and shade on herbage yield, morphology, and
nutritive value of tall fescue growing in a meadow and
as an alley crop between rows of loblolly pine trees.

Materials and methods
Site description

The experiment was located near Booneville, AR (35° 05
N, 93° 59° W) about 150 m as.l., <5% slope, on
Leadvale silt loam soil (fine-silty, siliceous, semiactive,
thermic Typic Fragiudult). This soil has a fragipan at
40-60 cm depth (Burner and MacKown 2005). In spring
1994, one-year-old loblolly pine seedlings were planted
in a tall fescue meadow at 1,800 trees ha~ ' at 1.2 m
spacing in rows 4 m wide oriented east-west, hence
referred to as the pine alley site. The stand was thinned to
620 trees ha~' in 2002 by selectively removing trees
damaged in a December 2000 ice storm. Tree diameter
was measured at 1.3 m above soil surface, and basal area
(m® ha™') was calculated to assess stand density and
growth. An existing tall fescue field adjacent to the pine
stand was the meadow site (no trees).

Tall fescue establishment

Existing tall fescue herbage in six plots
(I m x 7.5 m) within each site was killed with
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glyphosate [N-(phosphonomethyl)glycine] at 1.06 kg
ai. ha~'. Plots were separated by grass covered
buffers >1.5 m (meadow) and 3.6 m (pine alley) in
width. Three tall fescue—endophyte associations
(subsequently referred to as entries) were included
in the experiment: Kentucky 31 assumed to be
infected with endophyte (Ky31 E+), Kentucky 31
assumed to lack the endophyte (Ky31 E-), and Jesup
assumed to possess a novel endophyte (MaxQ®)
(Pennington Seed, Madison, GA). The Ky31 E+ and
MaxQ were commercially acquired, and Ky31 E—
was donated by a grass breeder (Dr. Joe Bouton, The
Samuel Roberts Noble Foundation, Ardmore, OK).
Seeds were started in the greenhouse in fall 2003.
One seedling of each tall fescue entry was trans-
planted into each of 36 peat pots containing a 1:1
mixture (v:v) of Leadvale soil and potting mix. Plants
were not tested for presence/absence of endophyte.

Tall fescue was transplanted to field plots in April
2004. Tall fescue entries were randomly assigned to
one of three subplots within each of six plots.
Subplots consisted of a single row of four plants of
each tall fescue entry spaced 50 cm apart to minimize
plant—plant competition (Burner et al. 1988). Plants
also were spaced 50 cm from the existing tall fescue
sward, and there was one buffer tall fescue plant at
each end of the plot. Three plots per site were
irrigated and three were not irrigated. Water was
supplied through a 1.3 cm diameter porous hose
(Fiskars, Sauk City, WI) buried 5 cm deep in a U-
shaped pattern around the plot, about 25 cm from
each side of the plants. Pressure was regulated at
240 kPa from a 1.9 cm diameter feeder hose. The
quantity of water delivered to irrigated plots was
measured with a Model DLJ water meter (Waterme-
ters. com, Hackensack, NIJ). Plots usually were
watered two to three times per week (about 1 and
6 h event™' in 2004 and 20053, respectively), except
they were either not watered or watered only once per
week when weekly rainfall exceeded 12 mm. Irriga-
tion was applied more frequently to the pine alley
than the meadow to try to equalize soil water between
plots. Since this equalization did not occur with the
1 h schedule in 2004, plots were irrigated for 6 h
event” ' in 2005. Irrigation rate was calculated from
the total daily water delivered and the number of
plants (n = 42) receiving water.

Plots were mulched with a layer of pine straw
about 8 cm deep in spring 2004. Plots were fertilized

in April each year with 100 kg N ha~', 100 kg P
ha™', and 56 kg Kha™'. In May through early
August 2004, plots also received bi-weekly applica-
tion of complete liquid fertilizer (20-20-20)
equivalent to 180 kg N ha™' year' (J.R. Peters,
Inc., Allentown, PA). Fertilizer applications were
made to achieve a moderate level of soil fertility. Due
to lack of rainfall, the liquid fertilizer was not applied
in 2005. Due to plant mortality in the non-irrigated
pine alley in 2004, all plants were replaced and the
experiment was repeated in 2005.

Environmental monitoring

One stationary weather station consisting of a soil
temperature thermocouple, quantum light sensor
(4 = 400-700 nm), and data logger (Spectrum Tech-
nologies, Inc., Plainfield, IL) was placed at each site
to collect meteorological data at 0.5 h intervals in
April through October, 2004 and 2005. Soil temper-
ature was recorded at 15 cm depth below grass sod.
Photosynthetically active radiation (PAR) was com-
puted as a daily total. Rainfall was recorded in the
meadow in 2004 and 2005. Long-term rainfall was
obtained from NOAA (2002) records. Daily reference
evapotranspiration (ET,) was calculated for the
meadow using the Penman-Monteith equation (Allen
et al. 1998) air temperature, relative humidity, solar
radiation (4 = 300-1,100 nm), wind speed, latitude,
and elevation above sea level from PMmon software
(Snyder and Eching 2003). Data for ET, were
collected at 1.5 m elevation, not 2 m as specified
(Allen et al. 1998). Tree canopy cover was estimated
in April and December 2005 at 1.3 m above ground
surface in the middle of each pine alley plot using a
CI-110 digital plant canopy imager (CID, Inc.,
Vancouver, Washington).

Volumetric soil water was measured using Trim-
e®-time domain reflectrometry (MESA Systems Co.,
Medfield, MA) calibrated for mineral soil in an
access tube permanently installed in the middle of
each plot. Soil water at 12 cm depth was recorded at
about weekly intervals.

Herbage sampling and analysis
Harvests to measure tall fescue herbage dry matter

yield were conducted at about 8-week intervals on 10
June, 27 July, 8 September, and 18 October 2004; and
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14 June, 25 July, 8 September, and 25 October 2005.
Prior to each harvest, plants were observed for
reproductive stage and disease, and specific leaf
weight (SLW) was measured. The SLW was deter-
mined from one-sided surface area and dry (60°C)
mass of a 10 cm-long segment of the lamina from
eight most recently fully expanded leaves from each
plant within a plot. The SLW was not measured in
July 2005 (both sites) and October 2005 (pine alley).
The four plants entry ' within a subplot were clipped
by hand to a stubble height of 5 cm and composited.
Fallen pine needles were removed from the herbage
samples collected in the pine alley. Yield of dry mass
plant™" was calculated after 48 h in a forced-draft
oven at 60°C. Seven days after harvest, the length of
elongated leaf laminar tissue was measured for three
tillers plant™' within each subplot, and mean leaf
elongation rate (LER d') was calculated. Tillers
were counted after the June and October harvests.
Tiller mass was expressed as the ratio of yield plant™"
and tillers plant™'.

Herbage was ground in a Wiley mill (Arthur
Thomas Co., Philadelphia, PA) to pass a 1 mm screen
and stored at —20°C prior to analysis for nutritive
value. Herbage in vitro dry matter digestibility (IV-
DMD) was determined as previously described
(Burner and MacKown 2006). Rumen fluid for the
IVDMD procedure was collected from a ruminally
fistulated steer (Bos taurus L.) fed a diet of bermuda-
grass [Cynodon dactylon (L.) Pers.] hay ad libitum and
0.5 kg d™' soybean (Glycine max L.) meal. Digest-
ibility was not determined for samples harvested in
October 2005. Herbage samples were reground to
0.5 mm particle size on a Udy cyclone sample mill
(Seedburo Equipment Co., Chicago, IL) for N and
carbohydrate analyses. Herbage N was determined
using a Carlo Erba EA1112 combustion analyzer
(Thermo Electron Corp., Waltham, MA). Total non-
structural carbohydrate (TNC) was determined as
previously described (Burner and Belesky 2004).

Statistical analyses

Monthly total rainfall, ET,, and irrigation plant_1
were reported for April through October 2004 and
2005. Analysis of variance (ANOVA) of soil tem-
perature, PAR, and soil water used a mixed linear
model, Proc Mixed (Littell et al. 1996; SAS Institute
2002). The ANOVA model for soil temperature and
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PAR had year, mo within year, site, and their
interactions, as fixed effects. The ANOVA model
for soil water had year, date within year, site,
irrigation within site, and their interactions as fixed
effects, and replication as the random effect. Date
within year was a repeated measure with a first-order
autoregressive covariance structure and restricted
maximum likelihood estimation method (Littell et al.
1996; SAS Institute 2002). Degrees of freedom were
calculated by the Satterthwaite approximation
method. Means were considered different at P
< 0.05 using the Tukey honest significant difference
test (HSD). Temporal changes in soil water were
analyzed by linear regression (SAS Institute 2002).

The field experiment was a randomized complete
block design with two sites (meadow and pine alley),
two irrigation treatments (with and without irrigation)
within site, and three tall fescue entries within site
and irrigation treatment. There were three replica-
tions of the tall fescue entries within site and
irrigation treatments. The ANOVA model for LER,
mass tillerfl, mass plantfl, nutritive value, shoots
plantfl, and SLM had year, tall fescue entry, site,
irrigation within site, and the interactions as fixed
effects, and date within year and replication within
site and irrigation as random effects. Repeated
measures, df approximation, and means testing were
as described above.

Results
Environmental conditions

Total rainfall for April through October 2004 was
820 mm, with rainfall exceeding monthly ET, except
in May, August, and September (Fig. 1). Only
490 mm of rainfall was received in 2005, and ET,
exceeded rainfall each month except September.
High air temperature (Fig. 2) in June through August
contributed to greater ET, in 2005 than 2004.

There was a month within year X site interaction
for soil temperature (P < 0.001). In 2004 (Fig. 2), the
pine alley had lower soil temperature (P = 0.001)
than the meadow for every month except August,
when there was no difference (P = 0.99). In 2005,
soil in the pine alley was cooler than the meadow in
May, warmer in October (P < 0.01), and not differ-
ent (P > 0.71) the other months.
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meadow) in 2004 and 43 molm 2d~' (11% of 1
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(P = 0.01) for noon PAR. The meadow received
about 1,300 pmol PAR m~2s~! at noon each year,
while the pine alley received less (P < 0.001) (170
and 100 pmol PAR m~2s™' for 2004 and 2005,
respectively).

Irrigation was relatively modest in 2004 compared
to 2005. In 2004, irrigation was applied at a mean rate
of 1251 plant™' mo™' in the meadow and 250 1
plant™' mo " in the pine alley (Fig. 4). Irrigation was
applied at a mean rate of 560 and 690 I plant™' mo ™"
in the meadow and pine alley, respectively (Fig. 4).

There was a three-way interaction of evaluation
date within year x site x irrigation within site for soil
water (P < 0.001). There was slight (r2 =0.12,
P =0.04) to no (r2 = 0.03, P = 0.64) temporal
depletion of soil water both years in the irrigated
meadow (Fig. 5a, c, respectively), and rapid

April  May June July Aug Sept Oct
Month

Fig. 2 Mean monthly air (meadow) and soil temperatures
(meadow and pine alley) for the April through October growth
interval in 2004 and 2005. Asterisks indicate that soil
temperature of an evaluation date and year differ between
sites by Tukey HSD at P < 0.01 (**) or P < 0.001 (***).
Vertical bars indicate standard error (n = 30)

depletion (P = 0.001) both years in the irrigated
pine alley (Fig. 5b, d). Depletion rates differed in
non-irrigated treatments among treatments and years
(Fig. 5a—d). The linear coefficient for the non-
irrigated pine alley (2005) was more negative
(P < 0.05) than the other negative linear coefficients,
and the linear coefficient was positive for the 2004
non-irrigated meadow. Thus, irrigation in 2004 and
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Fig. 3 Mean daily photosynthetically active radiation (PAR)
in the meadow and pine alley for the April through October
growth interval in 2004 and 2005. Vertical bars indicate
standard error (n = 30)

2005 compensated for low rainfall and water loss
through evapotranspiration (Fig. 1) in the meadow
(Fig. 5a, c), but not in the pine alley (Fig. 5b, d).

Herbage yield
No plants died in the irrigated meadow either year or
in the non-irrigated meadow in 2004. Mortality was

13% in the non-irrigated meadow in 2005, and 0%
and 8% in the irrigated pine alley in 2004 and 2005,
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Month

Fig. 4 Total monthly irrigation applied to the meadow and
pine alley for the April through October growth interval in
2004 and 2005

respectively. However, the combination of shade and
water stress in the non-irrigated pine alley caused
25% and 33% mortality in 2004 and 2005,
respectively.

Year, entry, and site interacted to influence
herbage mass (P = 0.01). Tall fescue entry did not
differ within year and site (Fig. 6), except that
Ky31 E- yielded 37 g plant™' in the meadow in
2004, which exceeded (P = 0.001) yields of Ky31
E+ and MaxQ (30 and 28 g plant™', respectively).
For any given entry, yield in the meadow was three to
five times that of pine alley yield (P = 0.001). Mass
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There was a year X irrigation within site interac-
tion for SLW (P < 0.02). Tall fescue entry and its
interactions with other main effects were not signif-
icant (P > 0.09). Within a year and site (Fig. 7),
irrigation usually decreased SLW (P < 0.05) except
in 2004 in the pine alley when there was no

Fig. 6 Effect of the year x tall fescue entry X irrigation
within site interaction on alley cropped plant mass. Kentucky
31 assumed to be infected with endophyte = Ky31 E+,
Kentucky 31 assumed to lack endophyte infec-
tion = Ky31 E—, and Jesup assumed to possess a novel
endophyte = MaxQ. Vertical bars indicate standard error of
the mean (n = 24)
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difference (P = 0.99). Moreover, there were rela-
tively large differences between sites as SLW was
26-37% greater (P < 0.01) in the meadow than pine
alley regardless of year or irrigation.

There was a year x tall fescue entry x irrigation
within site interaction for LER (P = 0.01). For any
irrigation treatment within site, differences among
tall fescue entries often were small, inconsistent, and
usually not significant compared to differences
between years. The year x tall fescue entry
(P = 0.001) indicated that LER of Ky31 E+ and
Ky31 E- in 2004 (1.9 mm d~') was greater (P
< 0.05) than that of MaxQ (1.8 mm d_l), although
the small difference between means seemed incon-
sequential. The LER did not differ among tall fescue
entries in 2005 (1.2-1.3 mm dfl). There was a 33%
decrease in LER when irrigation was withheld from
the meadow in 2005 (1.7 and 1.1 mm d~"' for
meadow with or without irrigation, respectively),
but withholding irrigation had no significant effect
(P = 0.99) on LER for other year x site interactions
(range 1.8-2.9% decrease). The interaction of tall
fescue entry x irrigation within environment
approached significance (P = 0.06), but the F-tests
and means suggested that irrigation had greater effect
than tall fescue entry (data not shown). Across
treatments, LER was greater (P = 0.001) in the
meadow than pine alley (1.7 and 1.4 mm d~' for
meadow and pine alley, respectively), and greater
(P = 0.001) in the irrigated meadow (1.9 mm d_l)
than in the other treatments (1.4—1.6 mm dfl).
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Tiller number was influenced by the interaction of
tall fescue entry with site and year (P = 0.002). Tall
fescue entry did not differ within year and site
(Fig. 8a), except that Ky31 E— had 105 tillers plant '
in the meadow in 2004 which was greater (P = 0.01)
than Ky31 E+ and MaxQ (87 tillers plant™"). For any
year and tall fescue entry, there were more tillers
plant_1 (P =0.001) in the meadow (range 67-105
tillers plant™") than the pine alley (range 20—46 tillers
plant™"). Tiller numbers also were influenced by the
interaction of irrigation within site and year
(P = 0.01). For any given year and irrigation treat-
ment, there were more tillers plant71 (P = 0.001) in
the meadow than the pine alley (Fig. 8b). The
interaction also showed that irrigation increased
(P = 0.001) tiller numbers in the meadow in 2004
but not in 2005. Across years, tillering in the meadow
was stimulated by irrigation (P = 0.001), 91.2 and
71.9 tillers plant™' with and without irrigation,
respectively. However, tillering in the pine alley
was unaffected (P = 0.17) by irrigation (39.4 and
28.2 tillers plant™' with and without irrigation,
respectively).

Tiller mass was influenced by the year x site
interaction (P = 0.03). For any given year, tillers had
greater mass (P < 0.001) in the meadow (299 and
202 g tiller™ ' for 2004 and 2005, respectively) than
in the pine alley (149 and 95 g tiller ' for 2004 and
2005, respectively). Tall fescue entry and irrigation
within site, and their interactions with other fixed
effects, had no significant effect on mass tiller'
(P = 0.11).

Nutritive value

There was a significant tall fescue entry X site
interaction (P < 0.001) on herbage TNC. Ky31 E+
had greater TNC concentration (110 g kg™") than
Ky31 E- (101 g kg~' ) or MaxQ (96 g kg™ ") in the
meadow (P < 0.001), but there were no tall fescue
entry differences (P = 0.99) in the pine alley (49—
50 g kg~ "). The TNC concentration in the meadow
was 93 and 112 g kg~ ' (P = 0.59) in 2004 and 2005,
respectively, which was greater (P = 0.01) than that
in the pine alley, 47 and 52 g kg™ (P = 0.98) in
2004 and 2005, respectively. Irrigation within site
and the interaction of irrigation within site with other
fixed effects were not significant (P > 0.10) for TNC
concentration.
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Fig. 8 (a) Effect of the year x tall fescue entry x site
interaction on tillering of alley cropped tall fescue. Kentucky
31 assumed to be infected with endophyte = Ky31 E+,
Kentucky 31 assumed to lack endophyte infec-
tion = Ky31 E—-, and Jesup assumed to possess a novel
endophyte = MaxQ. The error bar indicates standard error of
the mean (n = 12). (b) Effect of the year x irrigation within
site interaction on tillering of alley cropped tall fescue. With
irrigation = I4-, without irrigation = I-. Vertical bars indicate
standard error of the mean (n = 18)

Year, tall fescue entry, and site interacted to
influence herbage N concentration (P = 0.04). Tall
fescue entry within year and site generally did not
differ significantly (P > 0.18), except that MaxQ

(26 g kg™ ") had greater N than Ky31 E+ (25 g kg™ ")
in the meadow in 2005 (P = 0.002). Instead, the
three-way interaction was largely due to the year x
site interaction. There was a large difference
(P < 0.001) in herbage N between sites in 2004 but
not in 2005 (P > 0.08) (Fig. 9a). Low rainfall in
2005 (Fig. 1) could have stressed herbage causing
this anomalous N response. Herbage N concentration
(37 g kg™") was greatest (P < 0.001) in the non-
irrigated pine alley in 2004 (Fig. 9b), accounting for
the year x irrigation within site interaction
(P < 0.001).

Treatments had no significant effect on herbage
IVDMD (P > 0.05). Ky31 E- tended (P = 0.06) to
have greater digestibility (694 g kg™') than MaxQ
(682 g kg™ '), and the meadow (695 g kg™ ') tended
(P = 0.08) to have greater digestibility than the pine
alley (681 g kg™").

Discussion

Light has been considered the major environmental
constraint to growth and reproduction of understory
plants, perhaps because its effects are readily mea-
sured compared to belowground factors related to
water and nutrient availability (Friday and Fownes
2002). Conversely, others suggest that soil water is a
greater constraint than low irradiance on maize (Zea
mays L.) grain yield in hardwood alley cropping
systems (Jose et al. 2000). Our objective was to
determine relative effects of irrigation and shade on
herbage yield, morphology, and nutritive value of tall
fescue growing in a meadow and in loblolly pine.
Loblolly pine basal area was comparable to that of
other agroforestry stands in the region (Ares and
Brauer 2005). However, the growth rate of 3.8 m>
basal area year ' was considerably less than that of
more southerly plantations (McNulty et al. 1996),
presumably due to relatively poor site fertility and a
fragipan (Burner and MacKown 2005). At 620 trees
ha™', canopy cover (0.68-0.69) was approaching the
upper limit (0.70) for herbage production (Knowles
et al. 1999). This caused PAR to be very low in the
pine alley (11-16%) compared to the meadow
(Fig. 3). The level of shading was similar to that of
an oak-orchardgrass (Quercus sp.—Dactylis glomer-
ata L., respectively) silvopastoral system at 37°N
latitude (Belesky 2005a). Mean daily PAR in the
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Fig. 9 (a) Effect of the year x tall fescue entry x site
interaction on herbage N concentration of alley cropped tall
fescue. Kentucky 31 assumed to be infected with endo-
phyte = Ky31 E+, Kentucky 31 assumed to lack endophyte
infection = Ky31 E—, and Jesup possessing a novel endo-
phyte = MaxQ. The error bar indicates standard error of the
mean (n = 48). (b) Effect of the year x irrigation within site
interaction on herbage N concentration of alley cropped tall
fescue. With irrigation = I4-, without irrigation = I-. Vertical
bars indicate standard error of the mean (n = 72)

meadow (33.9 and 37.5 mol m~2 d~ !, for 2004 and
2005, respectively) was comparable to that reported
previously at this (Burner and MacKown 2005) or
similar latitude (Chirko et al. 1996).

@ Springer

There were no known field studies comparing the
relative effects of irrigation and shade on tall fescue
herbage yield, morphology, and nutritive yield. Tall
fescue is productive in pine alleys when solar
irradiance was only 12-37% of that in the meadow
(Burner and Belesky 2004; Burner and MacKown
2005). Tall fescue is light saturated at 28-50%
maximum PAR when grown under full sun or 30%
shade (Allard et al. 1991b; Cui et al. 2006). By
contrast, the light compensation point for most
turfgrasses is 2-5% of full sunlight (Beard 1973).
Light compensation point is a more important
criterion for grass productivity than light saturation
as canopy shading increases. The PAR received in
pine alleys suggested that while shading was intense,
it was not at the light compensation point (Beard
1973). In addition to a reduction in PAR, the red: far
red light ratio in the pine alley might have been about
one-half that in the meadow, which could reduce
tillering, root mass, and chlorophyll concentration of
tall fescue (Wherley et al. 2005).

Rainfall was low and ET was high in 2005,
especially in June, July, and August (Fig. 1). As a
result, soil water depletion rates differed between
non-irrigated treatments within site and year (Fig. 5
a—d), as previously reported (Burner and MacKown
2005). Irrigation water was applied to the point of
runoff in 2005, but not in 2004. Despite the
application of as much as 6901 plant™" mo~!
irrigation, we were unable to equalize soil water
between the meadow and pine alley. Thus, shade and
irrigation treatments were at least partially con-
founded in the pine alley. Irrigation compensated
for low rainfall and water loss through evapotrans-
piration (Fig. 1) in 2004 and 2005 in the meadow
(Fig. 5a, c¢), but not in the pine alley (Fig. 5b, d).
While the effect of irrigation within site, or its
interactions, was often significant (SLW, LER, tillers
plant_l, mass plant_l, and herbage N), the magnitude
of the effect tended to be smaller than that due to site.
Foliar pruning could minimize rainfall interception
and evaporation by the tree canopy and reduce tree
transpiration, thereby increasing soil water availabil-
ity to the alley crop (Jackson et al. 2000).

In an agroforestry system, the extent of tree-crop
competition depends on tree spacing and age, and the
nutrient, water, and light requirements of the herbage.
Field-grown tall fescue is tolerant of water deficit
resulting from long-term rainfall exclusion (Wilman
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et al. 1998). Despite a low planting density, nearly
twice as many plants died in the non-irrigated pine
alley as in the irrigated pine alley or meadow,
suggesting that water stress contributed to tall fescue
mortality under shade.

Herbage generally responded to site (or some
interaction with site) by decreasing mass plant™'
(Fig. 6), SLW (Fig. 7), LER, tillers plant_1 (Fig. 8),
mass tiller ', and TNC. The site effect was quite
large for mass plant_l, SLW, and tillers plant_l.
Shade-affected growth responses were reported pre-
viously for tall fescue in pot (Allard et al. 1991a) and
field studies (Burner and MacKown 2006; Kephart
and Buxton 1993; Wherley et al. 2005). The LER
was about one-tenth that reported for pot-grown tall
fescue (Allard et al. 1991a) regardless of treatment.
Herbage IVDMD was largely unaffected by tall
fescue entry or site, consistent with previous findings
(Allard et al. 1991a; Burner and MacKown 20006).
There was a negligible effect of tall fescue entry on
productivity in the pine alley. This supports findings
that irradiance intensity causes few genotypic
responses in morphology or physiology of Lolium
sp. (Allard et al. 1991a, b; Gautier et al. 1999;
Wherley et al. 2005).

Orchardgrass grown with reduced irradiance also
had fewer tillers and less mass tiller ' under a
deciduous tree canopy (Belesky 2005a), and less
TNC under a pine canopy (Burner and Belesky
2004), compared to that without shade. Herbage may
respond differently in pine and deciduous hardwood
systems because of seasonal differences in foliar
retention by trees. Since hardwood plantations often
occur in cooler environments than commercial lob-
lolly pine plantations, there also may be an
interaction with environment and micrometeorolog-
ical conditions. The apparent increase in herbage N
observed in the pine alley in 2004 but not 2005 may
be a mechanistic response to decreased specific leaf
weight (Burner and MacKown 2006; Kephart and
Buxton 1993). Belesky et al. (2006) observed similar
N enrichment when orchardgrass was grown in
partial shade compared to unshaded pasture.

Conclusions

There will be competitive above- or below-ground
interactions at the crop-tree interface when crops and

trees are co-cultivated (Wilson 1998). The challenge
is to design agroforestry plantations to maximize
yields of wood fiber and herbage in space and time,
knowing that the optimum design configuration will
depend on site, species, and management objectives.

We hypothesized that soil water was a greater
constraint than low solar irradiance on tall fescue
productivity in a loblolly pine alley (Jose et al. 2000).
Water stress increased tall fescue mortality in the
non-irrigated pine alley compared to the meadow, but
irradiance constrained herbage productivity (SLW,
LER, tillers plantfl, mass tillerfl, mass plantfl, and
TNC) more than soil water. Contrary to our hypoth-
esis, we concluded that PAR was the scarcer of the
two resources according to the Sprengel-Liebig Law
of the Minimum (van der Ploeg et al. 1999) because
irrigation generally failed to improve herbage pro-
ductivity under intense shade. Irrigation effects might
have been more evident if soil water had been
equalized between sites, or if canopy cover had been
less extreme. Tall fescue is tolerant of abiotic
stressors; however, the rate of growth can be so low
that its silvopastoral value is minimal. Economical
yield of herbage should be possible if PAR is
maintained at 40-50% of full sun, and this may be
achieved by appropriate planning, design, and man-
agement to increase solar penetration and rainfall
reception to the alley. While irrigation probably
would not be economical either for herbage or tree
production, growing the trees in wider alleys (width
will vary with tree age and size) would simulta-
neously increase PAR and soil water to the alley crop.
This particular alley crop design was not considered
optimum for herbage productivity, regardless of
irrigation, because PAR (11-17% of the meadow)
was too low for acceptable herbage yield (about 25%
of the meadow), and thinning of pre-commercial trees
would not be economical.

A generalized management scenario for alley
cropping is to harvest hay from the alleys the first
few years after tree planting to recover monetary
benefit from the land and tree planting costs, and
allow trees to become established. About 3-5 years
post-planting, once the trees are less vulnerable to
livestock damage, the alleys could be grazed to
manage the herbage canopy and increase product
value (wood fiber and livestock). Appropriate silvi-
cultural interventions (thinning and pruning) would
be needed to minimize tree-crop competitive
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interactions from then until final timber harvest (30—
40 years post-planting). Thus, land utilization effi-
ciency can be increased in space and time using the
tree crop to help sustain a crop of herbage for hay,
site stabilization, and grazing.
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